The penetration of ertapenem, a new carbapenem with a long half-life, reached 7.1 and 2.4% into inflamed and noninflamed meninges, respectively. Ertapenem had excellent antibacterial activity in the treatment of experimental meningitis due to penicillin-sensitive and -resistant pneumococci, leading to a decrease of 0.69 ؎ 0.17 and 0.59 ؎ 0.22 log 10 CFU/ml ⅐ h, respectively, in the viable cell counts in the cerebrospinal fluid. The efficacy of ertapenem was comparable to that of standard regimens (ceftriaxone monotherapy against the penicillin-sensitive strain and ceftriaxone combined with vancomycin against the penicillin-resistant strain). In vitro, ertapenem in concentrations above the MIC was highly bactericidal against both strains. Even against a penicillin-and quinolone-resistant mutant, ertapenem had similar bactericidal activity in vitro.
The continuous global increase and spread of resistant pneumococci has jeopardized the treatment of pneumococcal infections (3) . Furthermore, additional resistance to cephalosporins has limited the therapeutic options against penicillin-resistant isolates. Nevertheless, ␤-lactam antibiotics remain the first-line drugs for pneumococcal infections, except when penetration into infected tissues is compromised, as in meningitis. Currently the standard regimen for meningitis due to penicillin-resistant strains is the combination of an extended-spectrum cephalosporin with vancomycin (3, 12) .
In addition, pneumococcal strains resistant to quinolones have been isolated, limiting the choice of alternative therapies (4) . A regimen based on monotherapy would represent a clear advantage, especially when quinolone-resistant strains are suspected.
Ertapenem is a new carbapenem with a long half-life and activity against the majority of human bacterial pathogens, including penicillin-resistant pneumococci (11, 16, 17) . On the other hand, little is known about the penetration and kinetics of ertapenem into the cerebrospinal fluid (CSF) and its efficacy in pneumococcal meningitis. The aim of this study was to investigate the penetration of ertapenem into inflamed and noninflamed meninges and to test its bactericidal properties against a penicillin-sensitive strain and a penicillin-resistant strain in experimental pneumococcal meningitis.
(This study was partially presented at the 41st Interscience Conference on Antimicrobial Agents and Chemotherapy, Chicago, Ill., 16 to 19 December 2001.)
MATERIALS AND METHODS
Strains. The penicillin-resistant pneumococcal strain WB4 serotype 6 was isolated from a patient with pneumonia at the University Hospital of Bern, Bern, Switzerland. The MICs for this strain were as follows: penicillin, 4 mg/liter; ceftriaxone, 0.5 mg/liter; vancomycin, 0.12 to 0.25 mg/liter; and ertapenem 0.5 mg/liter. The penicillin-sensitive strain was kindly provided by the Institute for Infectious Diseases, University of Bern (MICs for this strain: penicillin, 0.05 mg/liter; ceftriaxone, 0.05 mg/liter; and ertapenem, 0.03 mg/liter). The penicillinand quinolone-resistant mutant was obtained by sequential exposure of the penicillin-resistant strain to trovafloxacin in vitro. The MICs for this strain were as follows: penicillin, 4 mg/liter; ertapenem, 0.5 mg/liter; trovafloxacin, 4 mg/liter; and ciprofloxacin, 32 mg/liter.
Rabbit meningitis model. The meningitis model, originally described by Dacey and Sande (8) was slightly modified. The experimental protocol was accepted by the Veterinäramt des Kantons Bern. In brief, young New Zealand White rabbits weighing 2 to 2.5 kg were anesthetized by intramuscular injections of ketamine (30 mg/kg) and xylazine (15 mg/kg) and were immobilized in stereotactic frames for induction of meningitis and CSF sampling. An inoculum containing approximately 1 ϫ 10 5 to 10 6 CFU of penicillin-sensitive or penicillin-resistant pneumococci serotype 6, was directly injected into the cisterna magna. A long-acting anesthetic (ethyl carbamate [urethane], 3.5 g/rabbit) was injected subcutaneously, and animals were returned to their cages. Fourteen hours later, the cisterna magna was punctured again for periodic CSF sampling before and 1, 2, 4, 6, and 8 h after the initiation of therapy. A catheter was introduced into the femoral artery for serum sampling. Antibiotics were administered through a peripheral ear vein as bolus injections at the following doses: ceftriaxone, 125 mg/kg; vancomycin, 20 mg/kg; and ertapenem, 60 mg/kg. These dosages achieve serum concentrations similar to those observed in humans. Ceftriaxone was injected once at 0 h and vancomycin at 0 and 4 h according to Friedland et al. (9) and Cottagnoud et al. (6) . Ertapenem was injected once at 0 h. Untreated controls received saline. Ertapenem was kindly provided by MSD. The other antibiotics and anesthetic drugs were commercially purchased.
Bacterial titers were measured by 10-fold serial dilutions of CSF samples plated on blood agar plates containing 5% sheep blood and incubated overnight at 37°C. In parallel, 20 l of undiluted CSF samples was plated (limit of detectability, 50 CFU/ml). Comparisons between different dilutions of CSF were used to exclude significant carryover effects during therapy. The antimicrobial activity of the regimens during the 8-h treatment was calculated by linear regression analysis and expressed as a decrease in log 10 CFU per milliliter per hour and as a killing rate over 8 h. A value of 1.7 log 10 CFU/ml (the limit of detectability) was assigned to the first sterile CSF sample, and a value of 0 log 10 CFU/ml was assigned to any following sterile sample. The results were expressed as means Ϯ standard deviations. The statistical significance was determined by the NewmanKeuls test.
In the same experimental setting, ertapenem (60 mg/kg) was injected into uninfected animals in order to measure the penetration of ertapenem through uninflamed meninges. Sampling was performed as described above. Ten rabbits were used in each ertapenem monotherapy group, and 4 rabbits were in each group for the standard regimens and control groups.
Measurement of antibiotic levels in CSF.
Antibiotic concentrations in serum and CSF were determined by bioassay with the agar diffusion method. For serum levels, standard curves were determined in rabbit serum and in saline with 5% rabbit serum in order to mimic CSF protein concentration (15) . Bacillus subtilis (ATCC 6633) was used as test strain for ertapenem (20) . The intra-and interday variability of this method was less than 10%. The limit of detection was 0.1 mg/liter for ertapenem.
In vitro assays. The pneumococcal strains (a penicillin-sensitive strain and a penicillin-resistant strain) were grown in CϩY medium (13) to an optical density of 0.3 at 590 nm and then diluted 40-fold to 10 6 CFU/ml, corresponding approximately to the CSF bacterial titer in rabbits before the initiation of therapy. Ertapenem was added in concentrations corresponding to 1, 5, and 10 times the MIC (0.03, 0.15, and 0.3 mg/liter for the penicillin-sensitive strain and 0.5, 2.5, and 5 mg/liter for the penicillin-resistant strain). Bacterial titers were determined at 0, 2, 4, 6, and 8 h by serial dilution of samples plated on agar plates containing 5% sheep blood and incubated at 37°C for 24 h. Experiments were performed in triplicate, and results were expressed as means Ϯ standard deviations.
Pharmacokinetic (PK) analysis. A zero-order input (bolus injection), firstorder elimination, and expanded three-compartment model is used to describe the time course of serum and CSF drug concentrations. The three-compartment model consists of a central compartment (serum), which is linked to a peripheral compartment, and the CSF compartment (5, 18) . Influx and efflux clearance in the CSF compartment are modeled as CL in ϭ CL diff , CL out ϭ CL diff ϩ CL bulk ϩ CL metab , and P csf ϭ CL in /CL out , where CL in is the total clearance from the central compartment to the CSF compartment (in milliliters/minute) and is assumed to be equal to CL diff , the passive transcellular diffusion clearance (i.e., the active influx clearance is absent). CL out is the total clearance from the CSF compartment to the central compartment (in milliliters/minute). CL bulk is the clearance by CSF bulk flow, or active efflux (14) . CL metab , the clearance by drug metabolism in the CSF, is assumed to be negligible (14) . P csf equals the CSFto-serum area under the concentration-time curve ratio and is a measure of CSF penetration.
The population kinetic model was fit to all measured concentrations of ertapenem in serum and CSF from all rabbits by using ADVAN5 TRANS1 and the FOCE method of the computer program NONMEM (nonlinear mixed effects modeling; NONMEM user's guide, NONMEM Project Group, University of California at San Francisco, San Francisco) (1). The NONMEM output, when the program is used to fit a population model, among other things, consists of the value of the objective function at convergence (approximately minus twice the maximized log likelihood of the data). This can be used to test the merit of a more-complex model (larger [more parameters]) over that of a less-complex submodel (2) .
PK parameters for the ith individual are estimated as
Where P ik is the kth element of P i , g ik is a model for its (log) expectation, and ik is a normally distributed mean zero random effect. The vector X consists of mean population PK parameters (X ϭ central and peripheral volume of distribution, clearance, CL diff , and CL bulk ).
The inflammation effect (IE) on passive transcellular diffusion clearance (CL diff ) is modeled as
where diff is the population CL diff in rabbits without meningitis, infl is the proportional increase of population CL diff in rabbits with meningitis versus rabbits without meningitis, and diff is the interindividual variance of CL diff . IE is an indicator variable taking the value 1 if rabbits have meningitis, otherwise it is 0. Figure 1 shows the kinetics of ertapenem after one dose of 60 mg/kg of body weight. The peak serum level ranged around 70 mg/liter, declining slowly to 6.5 mg/liter 8 h later. The peak CSF level around 3.4 mg/liter appeared 2 h after intravenous injection, decreasing slowly to 1.5 mg/liter at the end of the treatment period. Ertapenem levels remained above the MIC (0.03 and 0.5 mg/liter for the penicillin-sensitive and -resistant strains, respectively) during the entire treatment period. The CSF/MIC ratios ranged between 6.8 and 3 for the resistant strain and between 113 and 50 for the penicillin-sensitive strain. Table 1 presents the estimates of the population parameters. The population average of passive diffusion clearance was increased by 2.9 in rabbits with meningitis compared to rabbits without meningitis. The population average value for CSF penetration in rabbits with meningitis was 7.1%. Using the NONMEM computer program, the expanded three-compartment model for ertapenem kinetics demonstrates excellent goodness of fit (Fig. 2) .
RESULTS
Predicted and measured ertapenem concentrations in serum and CSF agreed reasonably well by using population mean PK parameters (R 2 ϭ 0.91, P Ͻ 0.0001 [serum]; R 2 ϭ 0.72, P Ͻ 0.0001 [CSF] ). The agreement between predicted and measured concentrations in serum and CSF was excellent when using individual PK parameters (R 2 ϭ 0.97, P Ͻ 0.0001 [serum]; R 2 ϭ 0.95, P Ͻ 0.0001 [CSF] ). The efficacies of the different treatment groups are summarized in Table 2 . In untreated controls, the bacterial titers In time-killing assays over 8 h, in vitro ertapenem was highly bactericidal (data not shown). Against the penicillin-sensitive strain, ertapenem in concentrations above the MIC (5 and 10 times the MIC) sterilized the cultures within 4 h. Even with concentrations around the MIC, ertapenem was highly bactericidal and sterilized the cultures after 6 h. Ertapenem was similarly efficacious against the penicillin-resistant strain in vitro, although the rapid decrease of the viable cell counts was less pronounced. The MIC led to a negligible decrease of the viable cell count after 8 h (0.9 log 10 CFU/ml). Concentrations of ertapenem above the MIC (5 and 10 times the MIC) managed to sterilize the cultures after 4 and 6 h, respectively. Even against the penicillin-and quinolone-resistant mutant, ertapenem produced a pronounced decrease of the viable cell count over 8 h in concentrations above the MIC (Ϫ6.4 and Ϫ5.1 log 10 CFU/ml for 10 and 5 times the MIC, respectively).
DISCUSSION
The continuous increasing spread of penicillin-resistant pneumococci has endangered the use of ␤-lactam antibiotics for the treatment of pneumococcal infections, especially in meningitis, for which the therapeutic options are limited. In the search for potential alternatives, it was recently shown that the combination of ceftriaxone with quinolones acts synergistically and was very effective against penicillin-resistant pneumococci in the same experimental model (6), although monotherapy would represent a considerable advantage. Among the potential candidates, new carbapenems could play a central role in the treatment of pneumococcal meningitis due to resistant strains.
Ertapenem, a new carbapenem with a long half-life and resistance to degradation by renal dehydropeptidase I, has a broad antimicrobial spectrum, covering the majority of human bacterial pathogens, including Listeria monocytogenes. In this study, we have investigated the efficacy of ertapenem in pneumococcal meningitis due to penicillin-sensitive and -resistant strains and its penetration into inflamed and noninflamed meninges.
The dose of ertapenem used (60 mg/kg) produced levels in serum corresponding to one intravenous injection of 500 mg in humans (peak level, 70 mg/liter in rabbits versus 70.3 mg/liter in humans; after 8 h, 6.5 mg/liter in rabbits versus 9.5 mg/liter in humans) (Fig. 1B) . As the recommended dose in humans is 1 g once a day, the data reported in this model are likely to represent the minimum effectiveness possible.
As expected with a ␤-lactam agent, inflammation at the serum-CSF barrier affects the CSF PKs of ertapenem. In rabbits with experimental meningitis, passive diffusion clearance of ertapenem is significantly increased. The large variability of passive diffusion clearance in rabbits with inflamed meninges is reflected by the large variability in CSF concentration ( Fig.  2A) . The average CSF penetration was estimated to be 7.1% in rabbits with inflamed meninges and 2.4% in rabbits with uninflamed meninges.
The difference between influx and efflux clearance was estimated to be 0.0116 Ϯ 0.0088 ml/min, which is close to previously reported values for clearance by CSF bulk flow (19, 21) . Although this finding indicates that the difference between influx and efflux clearance can be primarily explained by CSF bulk flow (14) , we cannot rule out other transport mechanisms at the serum-CSF barrier such as active efflux transport (e.g., via P-glycoprotein). However, based on our results, these active efflux mechanisms probably play a minor (if any) role in the CSF PKs of ertapenem.
In our experimental meningitis model, ertapenem was very efficacious and sterilized the CSF of all rabbits infected with the penicillin-sensitive strain and 8 of 10 rabbits' CSF in the penicillin-resistant group, confirming the highly bactericidal activity of ertapenem observed in time-killing assays in vitro. Higher doses of ertapenem, corresponding to an injection of 1 g in humans, would probably sterilize the CSF of all rabbits in the penicillin-resistant group. Although the doses used against the penicillin-resistant strain were not optimal, ertapenem produced CSF levels and killing rates similar to those observed with high doses of meropenem, recently tested in the same experimental model (meropenem peak level, 3.76 mg/ liter; meropenem killing rate, Ϫ0.48 Ϯ 0.14 ⌬log 10 CFU/ml) (10) .
Interestingly, the bactericidal efficacy of ertapenem was not affected by quinolone resistance in vitro, as is the case for other ␤-lactam antibiotics (7).
In conclusion, the sufficient penetration into inflamed meninges in rabbits, the antimicrobial spectrum against common meningeal pathogens, and the efficacy against penicillin-sensitive and -resistant pneumococci might qualify ertapenem for the empirical treatment of bacterial meningitis, especially when penicillin-resistant strains are suspected. These data deserve further investigations in humans.
